Introduction
Botulinum neurotoxin therapy (BoNT) is an effective treatment for numerous movement disorders involving muscle overactivity. According to the latest American Academy of Neurology (AAN) guidelines, onabotulinum toxin A (OnaA) is a treatment option for the management of blepharospasm (level B), cervical dystonia (level B), upper and lower limb spasticity (level A), and chronic migraine (level A) 1 ; additional applications have also included focal limb dystonia, hemifacial spasm, laryngeal dystonia, neurogenic detrusor overactivity, strabismus, and glabellar lines. 2, 3 Currently, the U.S. Food and Drug Administration (FDA)-approved maximum dose of OnaA is 400 units (U) within a 3-month interval, which is based on the parameters of early, sentinel trials. [4] [5] [6] There is a potential risk of spread of the toxin, as adverse effects can be localized or generalized.
Symptoms of adverse reactions include muscle weakness, diplopia, ptosis, dysphagia, and breathing difficulties. 3 Repetitive injections of OnaA may also increase the risk of developing neutralizing antibodies, although their effect(s) on causing partial or secondary treatment failure is complex. 7 However, in general, the treatment is well tolerated. [1] [2] [3] Compared to the selected population studies in early trials, numerous patients require doses greater than 400U due to (1) severity and distribution of symptoms or (2) multiple co-occurring indications for OnaA injections (e.g., patients with post-stroke spasticity affecting both upper and lower limbs). Due to the current FDA labeling constraints of maximum OnaA 400 U within a 3-month interval, treatment is often limited or delayed because of insurance limitations. This risks severe detriment to patients' quality of life and unnecessary suffering.
In clinical practice, higher doses of OnaA are frequently used. We aimed to evaluate safety, benefit, and efficacy of patients receiving OnaA >400 U per visit. We hypothesized that higher OnaA doses would be well-tolerated and effective and provide lasting benefit.
Methods
This is a retrospective database review using the Institutional Review Board-approved INFORM database at the University of Florida Norman Fixel Institute for Neurological Diseases. We included patients who consented to participate in the INFORM database and were treated with OnaA between 2009 and 2017. While there are currently 4 U.S. FDA-approved preparations of BoNT (serotypes A and B), the toxins have different approved clinical indications, and doses are nonequivalent for conversion. Thus, to allow for consistent comparison, we included only those patients who received OnaA, which has the broadest application. Patients were excluded if they had no follow-up after first visit with OnaA >400 U. Fellowship-trained movement disorder neurologists administered the BoNT injections and recorded clinical indications, benefits, adverse effects, the total units of BoNT injected per treatment sessionor additional interventions.
For each patient treated with OnaA >400 U per visit, we collected demographics, therapeutic indication(s), OnaA dose, body regions injected, patient-perceived efficacy using the 7-point Clinical Global Impression Scale (CGIS), and patient-perceived number of weeks of benefit. CGIS reports symptoms as very much improved, much improved, minimally improved, unchanged, minimally worse, much worse, or very much worse, compared to baseline (without BoNT).
Safety was determined by reported side effects at the first follow-up. We assessed long-term outcomes at 6 months, 12 months, and last follow-up in the database.
We described categorical variables as counts and percentages. Ordinal variables were displayed as medians, and continuous variables were displayed as means and standard deviations.
Results

Clinical and demographic characteristics
Of the 68 patients included in the study who received OnaA >400 U per session, 43 (63%) were females. Mean age was 60 years ±15. The majority of patients were Caucasian (n = 59, 87%). Most patients were initiated on OnaA below 400 U per session (n = 61, 90%), prior to dose escalation >400 U. Of the seven patients who received OnaA >400 U at their first visit in our tertiary center, five were already receiving OnaA at outside institutions; we identified two patients, naïve to BoNT, who were initiated on OnaA >400 U (n = 1 generalized dystonia, n = 1 spastic paraparesis). At first visit >400 U in our cohort, mean total dose was 501 U ± 46 (range 425-800). Mean duration of follow-up was 23 months +/-20 (range 3-86). Table 1 summarizes the demographic data.
Dystonia (n = 44) and spasticity (n = 24) were the most common indications for patients receiving OnaA >400 U (Table 1) . Some patients with dystonia were also injected for migraine or sialorrhea. The majority of patients received injections in more than one body region; seven patients (10%) received BoNT in one distal limb only. For patients with dystonia, the most common underlying etiologies included primary 
Patient-reported efficacy, duration of benefit, and side effects
The reported duration of benefit among all patients after first treatment >400 Units was 8.8 weeks ± 3.1. At the first follow-up visit, 47 patients (69%) reported overall good benefit by CGIS (17 rated "very much improved" and 30 rated "much improved"), while 14 rated "minimally improved," 2 rated "no change," and 1 rated "minimally worse." More than 70% of patients self-reported "very much improved" or "much improved" at 6 month, 1 year, and last visit. No patient reported "much or very much worse" at any time point.
Ten patients (15%) reported adverse effects (AEs) at the first follow-up, of which three had more than 1 AE. Table 2 summarizes reported AEs after the first OnaA >400 U. With longer follow-up, 13 patients (19%) reported AEs at 1 year, and seven patients (10%) reported AEs at the last follow-up. The most common AE reported was bruising. We did not observe severe dysphagia or major AEs requiring hospitalization or additional interventions.
At the last visit, nine patients (13%) received a dose less than 400U due to lack of benefit (n = 2), AEs (n = 2), fewer indications treated (n = 2), benefit from interval deep brain stimulation (n = 2), and insurance barrier (n = 1). One patient switched toxin preparation for unclear reasons. Thirty-eight patients discontinued injections at our center; reasons included lost to follow-up/moved (n = 18), death/hospice (n = 7), and, least commonly, AEs (n = 1). Table 2 lists reasons for discontinuation.
Discussion
In this retrospective study, we found that most patients receiving OnaA >400 U in a single session had good benefit and tolerated higher doses without any serious AEs (receiving doses of up to 800 U). The majority of patients continued to report good benefit after last exposure to high-dose OnaA (longest follow-up was 86 months).
The U.S. FDA currently approves a maximum dose of 400 U for OnaA, although guidelines in Europe allow for doses up to 600 U of OnaA (at least in treatment of adult spasticity). 8 Several small case series have reported on the use of higher OnaA doses for certain indications, namely spasticity (e.g., post-stroke) [9] [10] [11] [12] [13] and neurogenic detrusor overactivity.
14 In a randomized double-blind dose-finding study, post-stroke patients with symptomatic spasticity showed greater and more prolonged response with higher doses (mean 540 U ± 124) than those receiving lower doses (mean 167 U ± 31). 9 More recently in a prospective, multicenter dose-titration study, escalating incobotulinum toxin A (which doses similarly to OnaA) from 400 U to 800 U in patients with spasticity did not compromise safety or tolerability; enabled treatment in a greater number of muscles/spasticity patterns; and was associated with increased treatment efficacy, improved muscle tone, and goal attainment.
12 Surveys of international experts and patients have highlighted the desire for greater flexibility in treatment protocols than currently approved. 13 To our knowledge, our study is the first to evaluate the efficacy and safety of high doses of OnaA across a wide range of indications and etiologies.
There are several limitations to this study. The full description of response may be further understood by having condition-specific scales to build on the CGIS, but using this allowed for an exploratory investigation across multiple indications treated. The retrospective design also may limit full characterization of side effects documented in the medical record, as well as all doses used in selected muscles (i.e., not feasible in this study given wide range of indications and body regions injected). All patients were specifically asked about dysphagia, weakness, and common side effects by completing a pre-injection form as part of routine practice. It is notable that no serious, systemic, or life-threatening AEs were documented at any time. Systemic side effects, such as flu-like symptoms, iatrogenic botulism, and encephalopathy, are uncommon, with variably reported prevalence of 2-20% and unknown mechanism 15 ; thus, it remains unclear whether systemic adverse effects would be more common with higher dosage. As we excluded patients without follow-up after initial exposure to OnaA >400 U (n = 7), it is conceivable that rates of adverse effects and efficacy may be slightly higher or lower, respectively, than reported. Furthermore, this small sample of excluded patients (n = 7) reduced our sample size at longer follow-ups (i.e., missing data from subsequent 6-month and 12-month follow-ups). As detailed in Table 2 , these included patients that discontinued injections at our center, including "snow birds" who seasonally live in Florida. Referral bias may also affect our study population, as patients receiving care at a tertiary care center may have more severe disease requiring higher OnaA doses than commonly necessary. It is also worth mentioning that in this setting, there may be a high level of experience and expertise that allows for safe delivery of higher doses, especially given risk of associated toxin spread to unintended muscles based on injection technique. Generalizability, therefore, may depend on similar experience level of injectors. Finally, we were unable to assess for the risk of antibody formation objectively (e.g., via enzymelinked immunosorbent assay [ELISA]), given our retrospective design. However, the fact that most of our patients tolerated OnaA >400 U with continued benefit would argue against the development of partial/secondary treatment failure, which one might expect with any clinically significant antibody formation.
Future directions would include a comparison between our cohort and patients receiving OnaA <400 U, injected for similar indications. Longer follow-up will be needed to assess the clinical response at 10 years and beyond.
In conclusion, this study suggests that OnaA dosage >400 U in a single session can be safely administered, is efficacious, and has lasting benefit for multiple indications. This is important as literature is limited in addressing higher dose requirements in some patients. Our results highlight the need to reconsider the maximum dose administered per single treatment of OnaA in order to best serve patients' individual needs along with discussion with payors regarding coverage. Ongoing research is needed to confirm our findings and validate the role of higher doses of OnaA to improve patients' functional outcome.
